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Reconstruction of wave features in wind-driven water film flow using ultrasonic 
pulse-echo technique 
Abstract 
Aircraft operating in weather conditions that can cause glaze icing face the risk of performance 
degradation, and increased costs in de-icing procedures. The water run-back in glaze ice accretion can 
redistribute the impinging water mass and disturb the local flow field, and hence, affect the morphology 
of ice accretion. Understanding the mechanism of the surface water film transportation is important and 
challenging, and critical to enabling improvement in the modeling of glaze icing. In this study, an 
ultrasonic multi-transducer (sparse array) pulse-echo (UMTPE) technique was developed to measure thin 
film thickness fluctuation. The technical basis for UMTPE technique and the factors that influence the 
measurements are described. The UMTPE technique was configured to provide time-resolved multi-point 
thickness measurements. Quantitative measurements of the wind-driven water film flow are achieved by 
using the UMTPE technique. Point-wise thickness variations can be obtained from each individual 
channel in the UMTPE system. Span-wise thickness profile can be derived by interpolating the point-wise 
measurements. The span-wise thickness profiles can be expanded in time domain, which shows the 
overall flow structures. The velocity of surface wave features is derived by performing a cross-correlation 
of the upstream and downstream thickness variations, which is then used to transform the temporal 
thickness fluctuation into the spatial wave structures. The time-resolved spatial flow structures are 
obtained by applying the transformation along time axis, which present more details of wave structures 
and the evolution of wave features. 
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Abstract. Aircraft operating in weather conditions that can cause glaze icing face the risk of performance 
degradation, and increased costs in de-icing procedures. The water run-back in glaze ice accretion can 
redistribute the impinging water mass and disturb the local flow field, and hence, affect the morphology of ice 
accretion. Understanding the mechanism of the surface water film transportation is important and challenging, 
and critical to enabling improvement in the modeling of glaze icing. In this study, an ultrasonic multi-transducer 
(sparse array) pulse-echo (UMTPE) technique was developed to measure thin film thickness fluctuation. The 
technical basis for UMTPE technique and the factors that influence the measurements are described. The 
UMTPE technique was configured to provide time-resolved multi-point thickness measurements. Quantitative 
measurements of the wind-driven water film flow are achieved by using the UMTPE technique. Point-wise 
thickness variations can be obtained from each individual channel in the UMTPE system. Span-wise thickness 
profile can be derived by interpolating the point-wise measurements. The span-wise thickness profiles can be 
expanded in time domain, which shows the overall flow structures. The velocity of surface wave features is 
derived by performing a cross-correlation of the upstream and downstream thickness variations, which is then 
used to transform the temporal thickness fluctuation into the spatial wave structures. The time-resolved spatial 
flow structures are obtained by applying the transformation along time axis, which present more details of wave 
structures and the evolution of wave features.
INTRODUCTION
Aircraft operating in cold weather conditions face the risk of icing when they encounter clouds or precipitation 
containing super-cooled water droplets. The flight performance of an aircraft can be adversely affected when ice 
accumulates on lift or control surfaces. Ice layers with thickness thinner than a piece of coarse sand paper (~500 μm) 
can significantly reduce lift and increase drag up to 30~40 percent [1]. To minimize the effects of icing on aircraft 
performance and safety, a water/ice management approach is necessary. For flight operations, the cost for ice removal 
can impact airline economics, and these costs are highly related to specific icing conditions. An investigation by the 
National Business Aviation Association (NBAA), found that cleaning light ice or snow from a general aviation 
aircraft, such as a Cessna 172, typically costs $160, removing light frost from a medium-sized business jet on a clear 
day typically costs $300, removal of heavy wet snow costs about $3,000, and removal of frozen/freezing rain from 
the same mid-sized jet could cost close to $10,000. To reduce the costs and improve the efficiency of de-icing 
procedures, good predictions for ice accretion are required. The in-flight ice morphology is either rime or glaze ice,
depending on weather conditions [2]. Rime ice forms with lower liquid water content (LWC) and smaller droplets at 
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cold temperatures (typically below -10°C). During the rime ice formation, the impinged droplets freeze immediately 
upon impact, resulting in white and opaque ice shapes that conform to the surfaces. In contrast, glaze ice forms with 
high LWC and when there are large droplets encountered at temperatures just below the freezing point [3]. In glaze 
ice growth, the impinged droplets won't freeze immediately on impact, but will coalesce into a water film and run 
back over the aircraft surfaces before freezing downstream. The run-back behavior of the surface water will 
redistribute the impinging water mass and disturb the local flow field, and hence, make the glaze icing process more 
complex and unpredictable [4].
To accurately predict ice accretion, good modeling and simulations incorporating iterative computation of airflow, 
water droplet trajectories, collection efficiency, and heat and mass transfer process are required [5]. For rime ice 
growth, because of the rapid freezing, the shape of the ice is determined solely by the droplet impingement. Accurate
modeling and prediction of rime ice accretion have been achieved in the past years [6,7]. For glaze icing, however, 
the coupled heat and mass transfer process are more complex. Many simplifications were made in modeling glaze 
icing process [8]. The prediction of glaze ice accretion, therefore, is not as accurate, as for rime, when compared with 
experimental results [5]. Many efforts have been made in the past years to improve glaze ice modeling methods. It is 
suggested that the water film run-back behavior on surface is the key factor that influences the morphology and growth 
of glaze ice [9]. Detailed experimental studies are needed to help quantify the water film run-back behavior, so as to 
enable the development of more complete and accurate modeling of glaze ice accretion. 
Over the years, various experimental techniques have been developed to measure thin liquid film flows [10-16].
Among these techniques, fluorescence imaging based, stereoscopic imaging based, density based, and structured light 
projection techniques are most frequently used. Laser Induced Fluorescence (LIF) is one of the techniques that has 
been widely applied to quantify thin film thickness [17-22]. Film thickness distribution can be derived from 
fluorescence images. However, the LIF intensity is temperature dependent, which is not applicable in icing 
environments. Density based techniques have been successfully applied to measure liquid film surface deformation 
and interface instabilities [23-25]. But it is difficult to apply the approach to measure the surface water thickness
because of the variations at refraction interfaces and the thermally-induced density changes [13]. Stereoscopic imaging 
based techniques have been developed in recent years to measure instantaneous topography of the interfaces between 
fluids [26-28]. With this approach, film surface can be reconstructed. However, this technique is extremely sensitive 
to vibrations and displacements. For wind tunnel studies, minor vibrations are inevitable, which obstructs the use of 
stereoscopic imaging techniques. Structured light technique is another method developed in recent years to reconstruct 
fluid flow [29-32]. This approach could provide good spatial and temporal resolution. However, the measurement 
accuracy of this technique is highly dependent on the fluid surface diffuse reflection quality, which may produce
biased results when measuring liquid flow with transparent appearance.
For the water film transport and transition process in glaze ice accretion, the film thickness is in the order of tens 
to hundreds of microns with intense fluctuation. A technique with excellent accuracy and temporal resolution is 
required to quantify the water film run-back behavior. Ultrasonic techniques (UT) have been widely used in measuring
features and characterizing thickness of various materials using time of flight [33]. Because of the excellent temporal 
resolution and accuracy, UT has been introduced to characterize liquid film flows in the past decades. An ultrasonic 
pulse-echo technique used in measuring the local film thickness in stratified air-water flow over a horizontal plate has 
been reported by Serizawa [34]. Li and Serizawa then measured the instantaneous variation of film thickness of the 
falling film flow in an acrylic resin channel by using an ultrasonic transmission technique [35]. In recent years, Li also 
developed an ultrasonic transmission thickness measurement system (UTTMS) to measure the time-dependent spatial 
distribution of water rivulets around the surface of a bridge stayed cable suffering from rain-wind induced vibration
[36]. The application of ultrasonic techniques in measuring liquid film thickness indicates that the ultrasonic technique 
can be used to quantify the wind-driven water film flows pertinent to glaze icing situations.
In this study, an ultrasonic multi-transducer (sparse array) pulse-echo (UMTPE) technique was developed to study 
the thin water film flows pertinent to the glaze icing process. Time-resolved multi-point measurements can be achieved 
by using the new UMTPE system. Therefore, the current study is capable to characterize the thin water film structures 
and their time-evolutions. In the context that follows, the technical basis for UMTPE technique and the factors that 
influence the measurements are described. The UMTPE technique is then used to measure the thickness variations of 
the wind-driven water film flow. Both point and span-wise variations of the water film thickness will be presented. 
The surface wave velocity will then be derived, and finally, the instantaneous spatial water film flow structures will 
be reconstructed.
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ULTRASONIC MULTI-TRANSDUCER PULSE-ECHO TECHNIQUE
Technical Basis and Measurement Principle 
A schematic for the ultrasonic multi-transducer pulse-echo (UMTPE) system is shown in Fig. 1. The UMTPE 
system integrates and modifies a multichannel inspection unit (Omniscan iX), typically used with a phased array 
transducer, to operate with a sparse array that is comprised of multiple ultrasonic transducers. The system is functioned 
as a multiplexer, which has the capability to simultaneously generate and send voltage pulses to multiple (up to 8) 
ultrasonic transducers. With the high voltage excitation, the connected transducers will emit ultrasonic waves into the 
object being studied. The ultrasonic waves will then interact with the different materials, and be partially reflected at 
interfaces. The reflected waves are then received by the same transducers in pulse-echo. These echo responses are 
finally collected, recorded and processed.
FIGURE 1. A schematic of ultrasonic multi-transducer pulse-echo (UMTPE) system
FIGURE 2. A schematic for local film thickness measurements using ultrasonic pulse-echo technique
The configuration for a single transducer making local water film thickness measurements using ultrasonic pulse-
echo technique is shown in Fig. 2. The ultrasonic pulse is first emitted into the test plate by a piezoelectric based 
ultrasonic transducer. Then a fraction of the ultrasonic waves will be reflected at the plate-water interface; and the 
remainder transmitted into the water. The reflected waves, which are defied as the 1st echo, will be received by the 
transducer. The transmitted waves propagate through the water film, and are then largely reflected at the water-air 
interface. These reflected waves, which are defied as the 2nd echo, are partially transmitted through the plate and then 
received by the transducer. Based on the time-of-flight principle, the water film thickness can be calculated using Eq. 
(1).
2h t c (1)
where h is water film thickness, t is time interval between the two echoes, and c is acoustic velocity in water.
Detail Discussion of Measurement Concept
The measurement approach of UMTPE system is based on a simple concept, time-of-flight principle. However, 
several factors that influence measurement performance need to be considered. A typical “A-Scan” signal obtained 
from an individual channel in the UMTPE system is shown in Fig. 3-a. Each transducer can provide an output in the 
Measuring Object Transducers Multichannel Inspection System Data processing
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form of an “RF” signal (varying positive and negative voltage) and the measurement system provides the time-
amplitude (A-scan) data set. To determine the time interval between the two echoes in the signal, the relationship 
between the pulse repetition period (time between transducer excitations) and the flight time for the pulse echo signals 
of interest should be first quantified, so as to provide the “operating range or maximum measurable water film
thickness.” 
In this study, piezoelectric type transducer with an element diameter of 3.175 mm and center frequency of 10 MHz 
was used. The pulse repetition frequency chosen in the measurements was 1.2 kHz. The maximum sound velocity (c)
in the measuring object is 2415 m/s (in substrate: FullCure®830 VeroWhite); and the substrate thickness (h) is 12.5 
mm. The maximum time of flight for the echoes is therefore estimated to be approximately 10 μs. The pulse repetition 
period (T = 1/frep) is estimated to be about 833 μs.
(a) (b)
FIGURE 3. (a), A-Scan signal obtained by the ultrasonic pulse-echo system. (b), Auto-correlation of A-Scan signal
With the time-amplitude (A-scan) data set, the time interval between the two echoes (1st and 2nd echoes) can be 
determined by performing an auto-correlation [37] using Eq. (2)
2E t tR Y Y (2)
The auto-correlation function of the A-scan signal is shown in Fig. 3-b. The maximum correlation is located at =
0 μs as it correlates with itself. The secondary peak appears as the signal correlates with the phase-shifted signal in 
which the 1st echo shifts to the location of the 2nd echo in the original signal. Therefore, the corresponding time delay 
of the secondary peak is the time interval between the 1st and 2nd echoes.
When performing the auto-correlation, adequate signal-to-noise ratio (SNR) is required for both echo signals so 
that distinct secondary peak can be resolved. When ultrasonic waves propagate, it is necessary to match transducer 
characteristics to the operating configuration (geometry).  The beam characteristics and amplitude of the waves are 
generally determined by a combination of factors that include near-field fluctuation, beam-spread, attenuation, mode-
conversion, interface reflection and transmission [38]. In the current study, as the ultrasonic beam is normally incident 
into the object, there is minimal mode conversion occurring at the primary flat interfaces. In addition, the substrate 
and fluid are homogeneous with no significant grain or other scatterers. There will be some changes in reflectivity and 
echo amplitude due to deformation of the fluid at the fluid/air boundary. It can be assumed that the attenuation during 
the wave propagation is modest and can be assumed to be constant. Therefore, the effects of near field, beam spread, 
and interface reflection and transmission are more important and will be discussed in detail. 
Near Field Effect
The sound field for a transducer is generally divided into two zones: near-field and far field. The near-field is the 
region close to the transducer front where there is interference between the plane and edge waves and the wave 
amplitude goes through a series of maxima and minima and ends at the last maximum. The location of the last 
maximum is known as the near-field length N0, which is given by Eq. (3) [38].
2
0 4N D f c (3)
where D is element diameter of a transducer, f is the center frequency of the transducer, and c is acoustic velocity. 
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The far-field is the region beyond the near-field where the wave amplitude on-axis is well behaved and follows a 
decay/spreading law. Because of the complex acoustic field variations within the near-field, it is extremely difficult 
to make accurate amplitude dependent measurements. For a good signal-to-noise ratio, far-field (Fraunhofer zone) 
measurement are typically made at ranges between 1 and 3 times the near field length.  It can be calculated that the 
near-field distance in the current system is N0 = 7.4 mm. The distance between the transducer front and the water-
plate interface is about 12.5 mm. This indicates that the concerning area in the measurements is beyond the near-field 
and less than 2N0.
Beam Spread Effect
For a flat ultrasonic transducer of finite aperture, the ultrasonic beam will diverge, with a phenomena known as 
beam spread.  Beam spread takes place because the beam is not a perfect cylinder of energy. As particles vibrate, some 
energy is transferred radially out of the primary direction of wave propagation [39]. In an ultrasonic pulse-echo 
measurement, beam-spread reduces the amplitude of reflections because the sound field is less concentrated and, 
therefore, with ranges, becomes less intense. Furthermore, beam-spread may result in more difficulty in interpreting 
signals, due to reflections from the features being outside the beam.
To estimate the beam-spread effect, we first calculate the -6 dB pulse-echo beam-spread angle, which is given by 
Eq. (4) [38].
sin 2 .514c fD (4)
where /2 is half angle spread between -6 dB points; c is the wave propagation velocity in the material; f is the 
frequency of the ultrasonic pulse; and D is the diameter of the transducer element.
In the present work, the beam spread angle is calculated to be 3.52° in the substrate plate, and 2.76° in water 
film. The distance between the transducer front and the plate-water interface is 12.7 mm. The beam diameter thus 
expands to 0.78 mm at the plate-water interface. The maximum thickness of the water film is around 1 mm. Therefore, 
the beam diameter at the water-air interface further extends to about 0.83 mm. Then the echo beam diameter at the 
transducer front can be estimated to be 1.56 mm for the first echo, and 1.68 mm for the second one. Therefore, the 
beam diameter of the two echoes are smaller than that of the transducer element (3.175 mm). It can be assumed that 
the energy loss due to beam spread in the current measurements is small and can be neglected.
Interface Reflection and Transmission
The energy in ultrasonic waves is partitioned where there is a difference in acoustic impedance between media. 
As illustrated in the previous section, the thickness measurements using the ultrasonic pulse-echo technique, 
essentially, utilizes differences in time between reflection of ultrasonic waves to quantify the distance in the sound 
path, and hence, resolve the spatial information. It is obvious that the greater the impedance mismatch, the greater the
percentage of energy that will be reflected at an interface.
To evaluate the reflection intensity at interfaces, the acoustic impedance of different materials are first determined
using Eq. (5) [38].
Z c (5)
where is density of material, and c is the acoustic velocity in material.
In this study, the substrate plate was 3D-printed using the Objet™ materials FullCure®830 VeroWhite. The 
material data for FullCure®830 VeroWhite can be found at Objet™ website. The acoustic properties for the different 
materials utilized in the measurements are listed in Table 1.
TABLE 1. Acoustic Properties of Materials
Material Acoustic Speed,c (m/s)
Density,
(kg/m3)
Acoustic Impedance,
Z (kg/m2s (×103))
FullCure®830 VeroWhite 2415 1183 2856.95
Water (20 °C) 1483 1000 1483
Air (20 °C) 343 1.2 0.412
The ratio of the reflected wave amplitude and the incident wave amplitude is known as the reflection coefficient, 
which can be calculated with Eq. (6) [38]. The relationship between the transmission and reflection coefficient at an 
020015-5
interface is given by Eq. (7) [38]. In this study, the reflection coefficients at plate-water interface and water-air 
interface are Ra = 31.66% and Rb = 99.94%, respectively.
2 1
12 21
1 1
Z ZR R
Z Z
(6)
2
12 21 121T T R (7)
TABLE 2. Estimation of Echo Amplitude in dB
Echo Signals Amplitude Coefficient Echo Amplitude
1st Echo Ra -5 dB
2nd Echo Rb(1-Ra2) -1 dB
Assume the wave amplitude emitted into the test plate is 0 dB, the amplitude of the two echoes can be calculated 
using the reflection and transmission coefficients at interfaces. The estimated amplitudes of the two echoes are shown 
in Table 2. It can be found that the amplitude of the first echo is -5 dB, while the amplitude of the second echo is only 
-1 dB. By comparing the signal amplitude of the 1st echo and the noise amplitude, the SNR for the 1st echo signal can 
be estimated more than 10 dB, which is reasonable in the measurements.
EXPERIMENT
Measurement Accuracy and Validation
Previous studies have validated ultrasonic techniques in measuring liquid film thickness with an accuracy of ± 70 
μm [36]. For the UMTPE system, the thickness measurement accuracy is essentially improved, and determined by the 
digitizing frequency (100 MHz) of the multiplexer in this study. The time interval between two neighbored digitizing 
points is 1/100,000,000 s. The sound velocity in water at 20 °C is 1483 m/s. So the measurement accuracy is estimated 
to be about ± 5 μm.
FIGURE 4. Comparison of water thickness measured by UPE and a depth gauge
To validate the new UMTPE system developed in this study, a comparison was made between the thickness 
measured by the UMTPE system and a mechanical depth gauge (Vernier Depth Gage - Series 527), which has an
accuracy of 0.001 mm. The water thickness in a perplex tank was measured using the two methods simultaneously. 
The water thickness was measured three times using the depth gauge for every depth level, and the data was compared 
with the measurement results by the UMTPE system as shown in Fig. 4. The data indicates that the results obtained 
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by both methods agree very well. The total errors between two measurement methods are mainly induced by the visual 
error of the depth gauge measurement.
Experimental Setup and Test Model
The experimental setup used in the present study is shown in schematic in Fig. 5. The measurements were 
conducted in an open circuit wind tunnel. The wind tunnel has a test section with dimensions of 300×200×140 mm. 
A test plate with dimensions of 250×150 mm was used, and it was created using a 3D printer (Objet260 Connex).
Two guide vanes and a rounded trailing edge was designed to uniform water film flow and reduce the edge effect.
Then the test plate was surface treated and polished to provide a smooth top. It was flush mounted with the floor of 
the test section to eliminate flow disturbance.
FIGURE 5. A schematic for the experiment system in the wind tunnel
FIGURE 6. Test plate and distribution of water holes and monitoring points
The test plate is shown in Fig. 6. Water flow is supplied through 13 distributed holes in between of the guide vanes 
at a distance of 25.4 mm from the leading edge of the plate. Each hole has a diameter of d = 2 mm. The holes are 
aligned with a spacing of b = 6.35 mm, which can generate a stable water film flow with a width of w = 104 mm. A 
water supply system was used to control the water flow rate. This water supply system includes a reservoir, a digital 
gear pump (Cole-Parmer 75211-30), and a digital flowmeter (Omega FLR 1010 T-D), which can provide steady water
flow control (with accuracy of ±3% at full scale).
As water flushes out of the outlet holes, there is a pressure drop in the water flow. Combine with the effect of 
boundary layer interaction, the water flow presents a film with periodical wave motion near the leading edge. The 
waves dissipates quickly and disappears by a distance of L = 1.25w from the outlet holes. At locations further 
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downstream, another wave series arises under the effect of the boundary layer airflow, and the wave zone is shown in 
Fig. 6. To study the waves solely induced by boundary layer interactions, the transducers are set in the wave zone
starting at a distance of 150 mm (1.5w) as shown in Fig. 6. Six ultrasonic transducers were used in the measurements, 
in positions as shown in Fig. 6. The transducers were attached on the bottom side of the test plate at the locations 
shown in Fig 6.  All of the transducers were connected electrically to the multichannel inspection system (Omniscan 
iX), which can simultaneously collect the data with pulse repetition frequency (PRF) of 1200 Hz.
RESULTS AND DISCUSSIONS
Experiments were performed at different water flow rate (Q = 100, 200, 300, 400 ml/min) and a fixed wind speed 
(V=15 m/s). The point-wise thickness variations at a center point of the wave zone (point C shown in Fig. 6) will first 
be considered. Then, the film flow structures will be discussed based on the time expansion of the span-wise thickness 
profiles. Finally, the velocity of the wave features will be determined, and the time-resolved spatial wave structures 
of the film flow will be reconstructed.
Point-wise Thickness Variations 
The UMTPE technique developed in this study is capable of providing time-resolved multi-point thickness 
measurements. At each monitoring point, a time series of thickness variation can be obtained using the system. The 
thickness variations at the center point are shown in Fig. 7.
FIGURE 7. Point-wise thickness variations at a center point at water flow rate: (a) 100 ml/min; (b) 200 ml/min; (c) 300 ml/min;
(d) 400 ml/min.
The thickness variations at Q = 100 and 200 ml/min are shown in Fig. 7-a and b. It can be seen that there are typical
wave profiles in the film flow. The amplitude spectrum of these waves can be obtained by applying a Fast Fourier 
Transform (FFT) as shown in Fig. 8-a and b. It can be found that the wave energy is concentrated at frequencies 
between 0.5 to 5 Hz. The mean and standard deviation of the thickness variations are listed in Table 3. The standard 
deviation indicates the oscillation amplitude of the wave motion. At low water flow rate, the oscillation amplitude is 
small as compared with the equilibrium thickness (indicated by the mean thickness) with ratio of 4% for Q = 100 
ml/min and 10% for Q = 200 ml/min. The water film flow is in a steady state, which presents periodic sine-like waves
at the surface.
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FIGURE 8. Amplitude spectrum of the thickness variations at water flow rate: (a) 100 ml/min; (b) 200 ml/min; (c) 300 ml/min;
(d) 400 ml/min.
TABLE 3. Estimation of Echo Amplitude in dB
Water Flow Rate
(Q, ml/min)
Mean Thickness
(μH, mm)
Standard Deviation
H, mm)
100 0.640 0.025
200 0.795 0.080
300 0.465 0.150
400 0.535 0.190
As the water flow rate increases to 300 and 400 ml/min, the wave motion amplitude increases as can be seen in 
Fig. 7-c and d. More wave features can be observed in the thickness profiles. The amplitude spectrum of the thickness 
variations are shown in Fig. 8-c and d. It can be found that the wave energy is concentrated at frequencies of 10 - 20
Hz. Erratic wave motions occupies the water film flow. It is suggested that the increased turbulent intensity may break 
the stability of the water film flow, in which state the interactions between water and air boundary layers are enhanced.
It is also noticed in Table 3 that the mean thickness decreases dramatically even though the water flow rate increases,
indicating a wave velocity surge as the stability characteristics is altered.
Time Expansion of Span-wise Thickness Profiles
To further examine the water film flow, five transducers are aligned in span-wise (point A, B, C, D, and E shown 
in Fig. 6). Since the thickness variations at all locations were collected simultaneously, the span-wise thickness profile 
can be derived by interpolating each point-wise measurement. Then, the chord-wise thickness variations can be 
analogically obtained by expanding the span-wise thickness profiles in time domain.
10-2 10-1 100 101 102 103 104
0
0.1
0.2
10-2 10-1 100 101 102 103 104
0
0.2
0.4
10-2 10-1 100 101 102 103 104
0
0.2
0.4A
m
pl
itu
de
10-2 10-1 100 101 102 103 104
0
0.2
0.4
Frequency (Hz)
(a)
(b)
(c)
(d)
020015-9
FIGURE 9. Time expansion of span-wise thickness profiles at water flow rate: (a) Q = 100 ml/min; (b) Q = 200 ml/min; (c) Q =
300 ml/min; (d) Q = 400 ml/min.
The time expansion of the span-wise thickness profiles at different water flow rate are shown in Fig. 9. It can be 
found that the film structures in both transverse and longitudinal directions present. At low water flow rate (Q = 100 
ml/min), it is observed that at each time point, the transverse thickness is approximately constant as shown in Fig. 9-
a. The transverse convection in the water film flow is minimal and can be neglected. In the meantime, the thickness 
profile along the time axis varies slightly. Waves with small amplitude periodically appear in the water film flow. As 
the water flow rate increases to 200 ml/min, obvious wave structures along time axis can be observed as shown in Fig. 
9-b. It can be seen that the wave motion is essentially enhanced. Periodical sine-like waves predominates the film 
flow. Since the transverse convection in the film flow is weak as compared with the longitudinal flow, the water film 
flow is generally a 2-D water film flow with typical sine-like wave features.
The time expansion of the span-wise thickness profiles at water flow rate of 300 and 400 ml/min are shown in Fig. 
9-c and d, respectively. Wave features in both transverse and longitudinal directions can be observed. However, the 
wave shape is no longer the sine-like wave form as that appeared at the lower water flow rate. Erratic waves dominate 
the water film flow. It is suggested that the erratic wave features are due to the turbulent interactions between the 
water film flow and air boundary flow. Because of the irregularity and diffusivity of turbulence flow [40], both 
longitudinal and transverse convections present in the flow. Another feature of the water film flow at high water flow 
rate is that the overall thickness decreases dramatically as the stability characteristics of the film flow is altered, in 
which state numerous small wave features are generated and accelerated.
Instantaneous Spatial 3-D Flow Structures
By expanding the thickness profiles in time series, the overall flow structures can be evaluated. However, spatial 
details of the wave structured water film flow are still unknown. In this section, the velocity of wave features in the 
water film flow will first be determined. Then, the chord-wise spatial distribution of the wave features will be 
constructed based on Taylor’s hypothesis [41]. Finally, the time-resolved spatial wave structures of the water film 
flow will be reconstructed.
Determination of Wave Velocity
When we consider the determination of velocity, a simple but typical methodology is , where l is the distance 
between two points, is the travel time between the two points, and c is the velocity of wave features to travel over 
the two points. In this study, two points are set along the flow direction (chord-wise) with a separation of 10.16 mm.
(a) (b)
(c) (d)
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If the time delay between the thickness variations at the two points can be experimentally measured, the velocity of 
wave features could be determined. To illustrate the methodology, the velocity determination of the water film flow 
at wind speed of 15 m/s and water flow rate of 200 ml/min is carried out as an example.
FIGURE 10. Time history of zero-centered thickness variation at upstream (solid line) and downstream (dotted line) center
points with a separation of 10.16 mm.
The two points selected for the velocity determination are point F (upstream point) and C (downstream point) as 
shown in Fig. 6. The time history of zero-centered thickness variations at the two points are shown in Fig. 10. The 
two thickness profiles present the same wave features with a phase shift. The time delay between the two wave-series 
can be obtained by performing an auto-correlation of the upstream wave series and a cross-correlation between the 
upstream and downstream wave series using Eq. (8) and (9) [37], respectively.
2E
up up upAuto up H up H H
R H t H t (8)
E
up down up downCross up H down H H H
R H t H t (9)
where R is the correlation coefficient that varies with time lag .
FIGURE 11. Auto-correlation function (solid line) of the upstream wave series and cross-correlation function (dashed line) of 
upstream and downstream wave series
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TABLE 4. List of wave velocities at different water flow rate
Water Flow Rate
(Q, ml/min)
Time Lag
( , s)
Wave Velocity
(c, mm/s)
100 -0.130 78.15
200 -0.124 81.30
300 -0.048 210.20
400 -0.041 248.80
The auto-correlation function of the upstream wave series and the cross-correlation function of upstream and 
downstream wave series are shown in Fig. 11. For each correlation function, there is a maximum correlation 
coefficient. By comparing the time lag between the two maxima, the time delay between the two wave series can be 
acquired. Thus, the wave velocity in the water film flow can be calculated: c = l/| | = 81.30 mm/s.
Apply the same methodology to other cases, the time delay between the upstream and downstream wave series
can be derived, and hence, the wave velocities can be calculated as given in Table 4. It can be found that the wave 
velocities at the low water flow rate (Q = 100 and 200 ml/min) are much smaller than that at the high water flow rate
(Q = 300 and 400 ml/min). This result verifies the conclusion inferred in the previous sections that there is a velocity 
surge as the film flow stability is altered when water flow rate increases.
Spatial Expansion of Temporal Thickness Fluctuation
As the wave velocity has been determined, the temporal wave series can be expanded in spatial axis by multiplying 
the wave velocity. This temporal-to-spatial operation is developed based on Taylor’s frozen flow hypothesis [41],
which stated that if the turbulence intensity is small compared to the mean flow velocity, the temporal response at a 
fixed point in space can be regarded as the result of an unchanging spatial pattern convecting uniformly past the point 
at the mean flow velocity [42]. Taylor’s hypothesis assumes that the time-space transformation is linear:
, ,0R r R r U (10)
which can be further transformed to relate the time-correlation and space-correlation:
0, ,0R R U (11)
Therefore, the spatial distribution can be constructed simply using Eq. (12).
Udy dt (12)
where U is the mean flow velocity.
Suppose the chord-wise location of the transducer array (point A ~ E) is at y = y0. And based on the visualization 
observation, the wave features dominant in a zone of more than 125 mm (1.2w) after the transducer array location. 
Thus, a wave zone with a dimension of 0.4w × w (42 ×104 mm) is selected to be reconstructed as shown in Fig. 6.
To reconstruct the flow structures at t = t0 for instance, we first calculate the time needed for the wave features to 
travel over the zone: ts = w/c. Then the chord-wise distribution can be created using Eq. (13). The chord-wise spatial 
resolution is determined by wave velocity and temporal resolution ( t = 1/1200 s), e.g., y = 68 μm for the film flow 
at wind speed of 15 m/s and water flow rate of 200 ml/min.
0i sy y i t c i t t (13)
Then, the spatial thickness distribution can be expanded using Eq. (14) and (15).
0 0, ,i iH x y H x t (14)
0 0, , ,i i i iH x y H x y i t c H x t i t (15)
At t =t0, the thickness at the transducer array location (y = y0) is the thickness at t =t0 in time series. The thickness 
at the ith spatial position is defined as the thickness at t =t0 - i t in time series, where i ts/ t. Thus, the spatial 
thickness distribution in the wave zone at t = t0 can be established. The wave structures of the water film flow at wind 
speed of 15 m/s and different water flow rate conditions are shown in Fig 12. It can be clearly seen that the wave 
features are successfully reconstructed. For the results at water flow rate of 100 and 200 ml/min, typical sine-like 
waves can be observed. And the wave length can be estimated to be 35±5 and 40±5 mm, respectively. As water flow
rate increases, the water film flow present erratic wave forms as shown in Fig. 12-c and d. More small-scale features 
with obvious transverse fluctuation can be found in the wave zone.
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FIGURE 12. Instantaneous wave structures (t = t0) at wind speed of 15 m/s and water flow rate: (a) Q = 100 ml/min; (b) Q = 200 
ml/min; (c) Q = 300 ml/min; (d) Q = 400 ml/min.
Time-resolved Spatial Flow Structures
Apply the above methodology along time axis, the time-resolved spatial flow structures can be obtained. The 
spatial flow structures at wind speed of 15 m/s and water flow rate of 200 ml/min at different time points are shown 
in Fig. 13. The evolution and movement of the wave features can be clearly observed. At t=t0+0.2 s, a remarkable 
wave crest and trough and two more small crests can be found in the wave zone. After 0.2 s, the big wave crest moves 
to the end of the zone, and the two small crests proceed and occupy the most part of the zone. With time going on, the 
big crest disappears, and another small crest enters the zone. At t=t0+0.8 s, the three small wave crests occupy the 
whole wave zone.
FIGURE 13. Time-resolved spatial flow structures at wind speed of 15 m/s and water flow rate of 200 ml/min.
As stated above, more details of wave structures can be acquired in the time-resolved spatial flow structures. The 
evolution of wave features can be comprehensively quantified, which further expands the understanding of the wind-
(a) (b)
(c) (d)
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driven water film flow and help improve the modeling of water film run-back behavior pertinent to glaze icing 
problems.
CONCLUSIONS
In this study, an ultrasonic multi-transducer (sparse array) pulse-echo (UMTPE) technique was developed to 
measure thin film thickness fluctuation. The technical basis for UMTPE technique and the factors that influence the 
measurements are described. The UMTPE technique was configured to provide time-resolved multi-point thickness 
measurements. Quantitative measurements of the wind-driven water film flow (at wind speed of 15 m/s) pertinent to 
the glaze ice accretion on aircraft are achieved by using the UMTPE technique.
Point-wise thickness variations can be obtained from each individual channel in the UMTPE system. And the 
amplitude spectrum of the wave featured thickness variations are obtained by performing Fast Fourier Transform 
(FFT). It is found that the wave energy are located at frequencies from 0.5 to 5 Hz for water film flow at low water 
flow rate (100~200 ml/min). And the water film flow is steady, which presents periodic sine-like waves. As the water 
flow rate increases over 300 ml/min, the wave energy is mainly located at frequencies in the order of 10 Hz. Erratic 
wave motions occupies the water film flow. It is suggested that the increased turbulent intensity may break the stability 
of the water film flow, in which state the interactions between water and air boundary layers are essentially enhanced
and the wave features are accelerated. The span-wise thickness profile can be derived by interpolating the point-wise 
measurements, and can be expanded in time domain, which shows the overall flow structures.
The velocity of wave features is derived to transform the temporal thickness fluctuation into spatial wave 
structures. The velocity derivation is achieved by determining the time delay between the upstream and downstream 
wave series. Both auto-correlation of the upstream wave series and cross-correlation of the upstream and downstream 
wave series are performed in the operation. The time delay between the two wave series is acquired by comparing the 
time lag between the two maximum correlations of the two correlation functions.
The temporal wave series can be expanded in spatial axis by multiplying the wave velocities. The temporal-to-
spatial transformation proposed in this study was developed based on Taylor’s frozen flow hypothesis, and was first 
applied in the reconstruction of wave structures in thin water film flow. In the spatial expansion, the chord-wise spatial 
resolution is determined by wave velocity and temporal resolution ( t = 1/1200 s in this study). Apply the 
transformation along time axis, the time-resolved spatial flow structures can be obtained, presenting more details of 
wave structures and the evolution of wave features.
The UMTPT technique, therefore, is capable of quantifying spatial wave structures and evolution of wave features 
in the wind-driven water film flow, which provides a new approach in understanding the water film run-back behavior 
pertinent to glaze ice accretion on aircraft.
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